We have utilized computational biology to screen GenBank for the presence of recently integrated Ya5 and Yb8 Alu family members. Our analysis identi®ed 2640 Ya5 Alu family members and 1852 Yb8 Alu family members from the draft sequence of the human genome. We selected a set of 475 of these elements for detailed analyses. Analysis of the DNA sequences from the individual Alu elements revealed a low level of random mutations within both subfamilies consistent with the recent origin of these elements within the human genome. Polymerase chain reaction assays were used to determine the phylogenetic distribution and human genomic variation associated with each Alu repeat. Over 99 % of the Ya5 and Yb8 Alu family members were restricted to the human genome and absent from orthologous positions within the genomes of several non-human primates, con®rming the recent origin of these Alu subfamilies in the human genome. Approximately 1 % of the analyzed Ya5 and Yb8 Alu family members had integrated into previously unde®ned repeated regions of the human genome. Analysis of mosaic Yb8 elements suggests gene conversion played an important role in generating sequence diversity among these elements. Of the 475 evaluated elements, a total of 106 of the Ya5 and Yb8 Alu family members were polymorphic for insertion presence/absence within the genomes of a diverse array of human populations. The newly identi®ed Alu insertion polymorphisms will be useful tools for the study of human genomic diversity.
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Introduction
Alu elements are the most abundant Short INterspersed Elements (SINEs), reaching a copy number of over one million in the human genome, 1 making them the mobile element with the highest copy number. Alu repeats compose greater than 10 % of the mass of the human genome. Full-length Alu elements are approximately 300 bp in length and commonly found in introns, 3
H untranslated regions of genes, and intergenic genomic regions.
2 ± 4 Ampli®cation of Alu elements occurs through the reverse transcription of RNA in a process termed retroposition. 5 However, Alu elements have no open reading frames, so they are thought to parasitize the required factors for their ampli®cation from Long Interspersed Elements (LINEs). 6 ± 8 Although the human genome contains over one million Alu elements, only a few Alu elements, termed`m aster'' or source genes, are retroposition competent. 9 ± 13 The crucial factor(s) that determine an Alu as a functional source gene are not fully known. Several factors have been suggested to in¯uence the ampli®cation process, including transcriptional capacity, priming or self-priming for reverse transcription and others. 14 Alu elements ®rst appeared in the primate genomes over 65 million years (myr) ago. 11 Since then, the ampli®cation of Alu elements within the human genome has been punctuated, with the current rate being at least 100-fold slower than the initial rate of Alu expansion within primate genomes. 15 Throughout Alu evolution, the source gene(s) accumulated mutations that were incorporated into the new copies made, creating new Alu subfamilies. Therefore, the Alu family is composed of a number of distinct subfamilies characterized by a hierarchical series of mutations that result in a series of subfamilies of different ages. 15 ± 20 Of these subfamilies, almost all of the recently integrated Alu elements within the human genome belong to one of several closely related``young'' Alu subfamilies: Y, Yc1, Yc2, Ya5, Ya5a2, Ya8, Yb8, and Yb9 with the majority being Ya5 and Yb8 subfamily members. 9, 18, 21, 22 The availability of a draft human genomic DNA sequence as a result of the Human Genome Project 23 facilitates the``in silico'' identi®-cation of recently integrated Alu elements from the human genome. 17, 18 This method proves to be less demanding in comparison to older approaches, such as cloning and library screening. 9, 21, 24 These recently integrated Alu elements serve as temporal landmarks in the evolution of our genome, and many of them will prove to be useful in the study of human evolution and in the study of the natural history of different regions of the genome. Here, we present an analysis of the human genomic diversity associated with 475 members of the Alu Ya5 and Yb8 subfamilies in the human genome.
Results

Subfamily copy number and sequence diversity
In order to determine the copy number of each subfamily of Alu elements, we searched the draft sequence of the entire human genome for the presence of Alu repeats using oligonucleotide sequences complementary to each of the subfamilies (outlined in the Materials and Methods). Our query of the draft human genome sequence identi®ed 2640 Alu Ya5 subfamily members and 1852 Alu Yb8 subfamily members. Both of these copy numbers are in good agreement with previous estimates of the sizes of these Alu subfamilies based upon high-resolution restriction mapping and computational biology. 18, 21 A comparison of the nucleotide sequences of all of the Ya5 and Yb8 Alu family members can be found at our website (http://129.81.225.52). In order to determine the time of origin for the respective Ya5 and Yb8 subfamilies, we divided the nucleotide substitutions within the elements in each family into those that occurred in CpG dinucleotides and those that occurred in non-CpG positions. The distinction between types of mutations is made because the CpG dinucleotides mutate at a rate that is about ten times faster than non-CpG positions 9, 25 as a result of the deamination of 5-methylcytosine. 26 In addition, all insertions, deletions and 5
H truncations were excluded from our calculations. A total of 441 non-CpG and 241 CpG mutations occurred within the 231 Alu Ya5 subfamily members used in this analysis. For the 244 Alu Yb8 subfamily members analyzed, a total of 478 non-CpG and 275 CpG mutations were observed. Using a neutral rate of evolution for primate intervening DNA sequences of 0.15 % per million years 27 and the non-CpG mutation density of 0.799 % (441/55,209) within the 231 Ya5 Alu elements yields an estimated age of 5.32 million years for the Ya5 subfamily members. Using only non-CpG mutations in the 244 Yb8 sequences yields an estimate of 5.30 million years old for the Yb8 subfamily (478/60,024). This estimate of age is somewhat higher than the 2.7-4.1 million years previously reported. 21 However, the previous study of Ya5 and Yb8 Alu family members involved only a small number of elements making the calculated subfamily ages more subject to random statistical uctuation. Alternatively, the new estimated age based upon non-CpG mutations may be arti®cially in¯ated due to sequencing errors in the human draft sequence that may account for an increase in the number of mutations observed.
We can also estimate the ages of each Alu subfamily using CpG-based mutations. The only difference in the estimate is to multiply the CpG mutation density by a mutation rate that is approximately ten times the non-CpG rate as previously described. 9, 25 In this case we calculate an average CpG mutation density for the Ya5 subfamily (241 mutations/11088 CpG bases) or 2.17 %, and (275 mutations/11,224 CpG bases) 2.45 % for the Yb8 subfamily. Using a neutral rate of evolution for CpG based sequences of 1.5 %/million years yields estimates of 1.44 and 1.63 million years old for the Ya5 and Yb8 Alu subfamilies, respectively. Both estimates are consistent with the initiation of the expansion of the Ya5 and Yb8 Alu subfamilies that is roughly coincident with the divergence of humans and African apes.
Inspection of the nucleotide sequences¯anking each Ya5 and Yb8 Alu family member shows that most of the elements are¯anked by short perfect direct repeats. The direct repeats range in size from 3-23 nucleotides. The observed direct repeats are fairly typical of recently integrated Alu family members. 7, 9 The appearance of truncations within a number of these elements probably occurred as a result of incomplete reverse transcription or improper integration into the genome rather than by post-integration instability. All of the Ya5 and Yb8 Alu family members analyzed have oligo(dA)-rich tails that range in length from six nucleotides to over 60 nucleotides in length. It is also interesting to note that the 3 H oligo(dA)-rich tails of many of the elements have accumulated random mutations beginning the process of the formation of simple sequence repeats of varied sequence complexity. The oligo(dA)-rich tails and middle A-rich regions of Alu elements have previously been shown to serve as nuclei for the genesis of simple sequence repeats. 28 
Alu Y to Yb8 sequence evolution
In our query of the human genome, we identi®ed 88 Alu elements containing one to seven of the eight Yb8 diagnostic nucleotides. These 88`m osaic'' elements were subdivided into Yb1, Yb2, Yb4, Yb5, Yb6 and Yb7 depending on the number of diagnostic changes present (Figure 1(a) ). To facilitate identi®cation of the individual elements with different diagnostic mutation combinations, the mosaic elements were numbered consecutively in order of abundance (Yb1.1, Yb1.2, etc., see Figure 1 (a)). No evident sequential order of accumulation of the Yb8 diagnostic mutations can be easily discerned. Interpretation becomes complicated due to the fact that four out the eight diagnostic mutations are CpG changes (positions 1, 2, 4 and 6 Figure 1(a) ). The Alu Y has three CpG sites (positions 1, 2 and 6) that become TpG in Yb8, and Alu Yb8 has one (position 4). CpG dinucleotides mutate at a rate that is about 9.2 times faster than non-CpG, 9, 25 as a result of the deamination of 5-methylcytosine. 26 Therefore, it is dif®cult to know if the presence of a TpG diagnostic mutation is due to a change in the Alu source gene or in the particular individual Alu element being evaluated. Because CpG dinucleotides represent hot spots for mutation, a high proportion of CpG positions in the Y subfamily might have mutated to TpG. This makes discrimination between source gene changes and parallel forward mutations occurring in multiple Y elements at these loci dif®cult. Therefore, we have eliminated these sites (positions 1, 2 and 6) from our analysis (Figure 1(b) ). Position 4 represents a different situation. Because the TpG to CpG mutation occurs at the normal evolutionary rate, it was not eliminated from the analysis. However, some variations may be observed where individual copies might have mutated the position back to a TpG that need to be taken into consideration. Now, a sequential evolution of the appear- Alu Insertion Polymorphisms and Sequence Diversity ance of the diagnostic sites can be obtained, starting with position 3, then 4, 7 and/or 8, and ®nally position 5 (Figure 1(b) ). The mutation at position 3 appears to have occurred ®rst, being the most common single nucleotide change with 15 Yb8 mosaic elements. The other Alu Yb8 mosaic elements with only one diagnostic nucleotide change occur in lower frequencies and may be explained by parallel mutations, post-transcriptional selection, 8 or by a forward gene conversion event. The order in which the mutation at positions 7 and 8 (the seven nucleotide duplication) occurred cannot be resolved with these data. Four of the elements (Yb6.2 in Figure 1 (b)) do not ®t the proposed sequential evolutionary pattern. In this case multiple recombination events would be required to obtain this outcome or some selection occurring at the retroposition process, both highly unlikely. Alternatively, position 5 may be explained by gene conversion events or parallel mutations. The possibility of gene conversion between Alu repeats has been suggested previously. 29 In addition, limited amounts of gene conversion between Yb8 Alu elements 21, 30 and extensive levels of short gene conversions in the Ya5 subfamily 18 have been previously reported.
Phylogenetic origin
In order to determine the approximate time of origin of each Alu subfamily member (Ya5 and Yb8) in the primate lineage, we ampli®ed a series of human and non-human primate DNA samples using the polymerase chain reaction (PCR) and the oligonucleotide primers shown in Tables 1 and 2 . In this assay, genomes that are homozygous for the presence of an Alu element amplify a PCR product about 400 bases in length. Genomes that do not contain the Alu element at a particular chromosomal location amplify a 100 bp fragment, while heterozygous genomes amplify both fragments. Using this approach we investigated the phylogenetic origin of each Alu element. All 231 Ya5 Alu family members were subjected to this analysis and only one element (Ya5NBC42) was present in the orthologous locus from the common chimpanzee genome. For the Yb8 subfamily, 244 elements were assayed with one (Yb8NBC253) being present in the common chimpanzee genome. This suggests that almost all of these Alu elements dispersed within the human genome sometime after the human and African ape divergence and that less than 0.42 % (2/475) of the Ya5 and Yb8 Alu subfamily members in the human genome also reside in non-human primate genomes.
Human genomic diversity
In order to determine the human genomic variation associated with each of the Ya5 and Yb8 Alu family members, each element was subjected to PCR ampli®cation (outlined above) on a panel of human DNA samples. The panel was composed of 20 individuals of European origin, 20 African Americans, 20 Greenland Natives or Asians and 20 Egyptians for a total of 80 individuals (160 chromosomes). Using this approach 134 Alu Ya5 (Table 1 ) and 160 Yb8 (Table 2) subfamily members were monomorphic for the presence of the Alu element, suggesting that these elements integrated in the genome prior to the radiation of extant humans. A total of 28 Ya5 and Yb8 Alu family members appeared heterozygous in all of the individuals that were analyzed, suggesting that they had integrated into previously unde®ned repeated regions within the human genome as reported previously. 31 In the PCR-based assay these elements generate a pre-integration site size product from the duplicate copies of the pre-integration site located throughout the genome along with an Alu ®lled site from the one pre-integration site sequence that contains the new Alu insertion. These elements were not subjected to any further analysis. An additional six elements were located in other repetitive regions of the genome that were identi®ed computationally and discarded from further analysis. The remaining elements were polymorphic for the presence of an Alu repeat within the genomes of the test panel individuals (Tables 3 and 4 ). Loci that were polymorphic for the presence/absence of individual Alu insertions were subsequently classi®ed as high, low or intermediate frequency insertion polymorphisms (de®ned in Tables 1 and 2 ). The unbiased heterozygosity values (corrected for small sample sizes) for these polymorphic Alu insertions were variable, and approached the theoretical maximum of 50 % in several cases. This suggests that many of these Alu insertion polymorphisms will make excellent markers for the study of human population genetics. Approximately 25 % (58/231) of the randomly identi®ed Ya5 and 20 % (48/244) of the Yb8 Alu family members are polymorphic for insertion presence/absence within the human genome. These results are in good agreement with previous estimates of the percentages of insertion polymorphisms within these two Alu subfamilies. 21 The Alu inserts that have been in the genome longest are more likely to approach ®xation. Therefore, we might expect to ®nd different levels of sequence divergence for the Alu elements from each insertion frequency class. Using this approach the average number of non-CpG/CpG-based mutations for the Ya5 Alu family was 1.62/1.06, 2.83/0.67, 2.16/0.66 and 2.53/1.0 for the ®xed present, high frequency, intermediate frequency and low frequency Alu insertion polymorphisms, respectively. In the case of the Yb8 subfamily the average number of non-CpG/CpG mutations was 1.86/1.16, 5.0/0.6, 2.2/0.66 and 1.7/1.2 for the ®xed present, high frequency, intermediate frequency and low frequency Alu insertion polymorphisms, respectively. In all cases the standard deviations for each average were as large or larger than the average number of mutations re¯ecting the heterogeneity in the dataset. No detectable difference in the mutation density within each frequency class of Alu insertions was observed. Therefore, our data suggest that any sequence differences between the polymorphic elements and those with ®xed presence may be obscured because of the small number of total mutations and sequencing errors (see Discussion).
Discussion
Alu elements account for more than 10 % of the mass of the human genome. The majority of Alu elements integrated into the genome early in primate evolution. Only a small number of elements (a few thousand) have ampli®ed in the human genome after the divergence of humans and African apes. Here, we report an investigation of the dispersion and insertion polymorphism of the two largest subfamilies of recently integrated Alu repeats within the human genome. Our copy number estimates of 2640 Ya5 and 1852 Yb8 Alu elements within the draft sequence of the human genome are in fairly good agreement with previous estimates of the sizes of these Alu subfamilies although they both exceed the previously published ®gures. 21 Using the mutation density and a neutral mutation rate we were able to estimate the ages of each subfamily as 5.32 million years (myr) old for Ya5 and 5.30 myr old for Yb8 using non-CpGbased estimates and 1.44 myr (Ya5) and 1.71 myr (Yb8) using the CpG mutation density. Each of these reported average ages based upon non-CpG mutation density is substantially higher than those reported previously of about 1 myr and 2.7 to 4.1 myr for the Ya5 and Yb8 subfamilies, while the estimates based upon CpG mutation density compare favorably to those previously reported. 21, 32 If we assume a linear ampli®cation of these Alu subfamilies in the human genome, the oldest elements would be no greater than 10.64 myr old for Ya5 and 10.6 myr old for Yb8 using non-CpG mutation density, or 2.88 myr old for Ya5 and 3.42 myr old for Yb8 using the CpG mutation density. The nonCpG based estimates for the oldest subfamily members appears to be somewhat higher than expected for a group of repeated DNA sequences that largely ampli®ed within the human genome after the divergence of humans and African apes which is thought to have occurred within the last 4-6 myr. 27 This discrepancy between the two estimates can be explained by considering sequencing errors as a potential factor in¯uencing our current calculations. In the determination of the non-CpG mutations for the estimation of the Alu subfamily age, sequencing errors would be included in the count as mutations, making the estimated age higher than the actual age for the subfamily. If we assume that the sequencing errors are distributed evenly across the entire Alu sequence, then the number of sequencing errors would be higher in the non-CpG-based estimates than the CpG-based estimates, since there are more non-CpG (242-246) than CpG (only 44-48) nucleotides in the subfamily consensus sequences. Our observation that the levels of sequence divergence from the subfamily consensus sequences do not effectively correlate with polymorphism levels in the human genome also argues that it will not be bene®cial to use sequence divergence from the subfamily consensus sequences as a method for the identi®cation of additional polymorphic members of these Alu subfamilies.
We can also compare the calculated ages of each Alu subfamily based upon CpG mutation density as a whole to the estimated percentages of Alu insertion polymorphisms and copy number to evaluate the contribution that these elements make to human genomic diversity. Here, we report estimated ages of 1.44 myr for the Ya5 subfamily and 1.71 myr for the Yb8 subfamily. The percentage of Alu insertion polymorphisms in each of the subfamilies was 25 % for the Ya5 subfamily and 20 % for the Yb8 subfamily. The copy numbers of the two subfamilies of Alu elements were also different with 2640 Ya5 Alu elements and 1852 Yb8 elements. When considered together these data indicate that the Ya5 Alu subfamily with both a higher copy number and more insertion polymorphisms has been more successful at ampli®ca-tion within the human genome. In fact, if we assume that the ages of the two subfamilies are about the same the Ya5 subfamily has been about 40 % more ef®cient at ampli®cation in terms of both copy number and the generation of new Alu insertion polymorphisms within the human genome. Although the sample size is presently small, this is also in good agreement with the number of previously reported Ya5 (six) and Yb8 (three) Alu repeats associated with different human diseases (reviewed in ref. 22) . In addition, these data also provide compelling support for the simultaneous expansion of multiple Alu subfamilies within the human genome. The reasons for the differential ampli®cation of the two Alu subfamilies remain unknown. However, they likely reside in the ability of each subfamily to produce RNA for retroposition or at some other point in the process of retroposition itself such as the reverse transcription step. Further experiments will be required to determine the precise molecular mechanism(s) leading to the differential expansion of these two Alu subfamilies within the human genome.
Using the non-CpG-based average ages of the Ya5 and Yb8 Alu subfamilies along with a linear ampli®cation rate we can also estimate the number of members from each Alu subfamily that should be present within the orthologous loci of the nonhuman primate genomes. Using this approach the oldest Alu repeats from each subfamily would be approximately twice the average age. In other words, the Ya5 subfamily would have begun to expand 10.64 myr ago with the Yb8 subfamily having expanded about 10.6 myr ago. If we assume that humans and African apes diverged from each ) . However, less than 0.42 % of the elements were also located in orthologous positions in the genome of the common chimpanzee. The observed distribution of Ya5 and Yb8 Alu repeats located within the common chimpanzee genome would require a human and non-human primate divergence of greater than 10 myr ago. This is clearly a much older divergence time than is commonly accepted. Three potential explanations may account for this. One is the selective removal of Alu elements from orthologous positions in non-human primate genomes effectively resulting in an ascertainment bias against elements in the non-human primate genomes because our elements were obtained by scanning a database of human genomic sequences. However, we consider this to be highly unlikely, because there are no known mechanisms to speci®-cally remove Alu elements from primate genomes and even when an element is partially deleted from the genome it leaves behind a signature of itself. 33 A second and more likely explanation is that the ampli®cation rate for these subfamilies has increased recently in the human lineage. Alternatively, the higher average ages for each of the Alu subfamilies than those previously reported may re¯ect a higher sequencing error rate in the genome database, resulting in an in¯ated age estimate for the Alu subfamilies. The estimated ages of the subfamilies are also in¯ated by the faster accumulation of non-CpG based mutations (as a result of the larger number of potential target sites) as compared to CpG nucleotides. Therefore, the use of the CpG-based mutation density for Alu subfamily age estimates will be much more accurate than the use of non-CpG mutation density-based estimates using the current draft sequence of the human genome. The magnitude of the putative sequencing errors can be estimated by comparing the previously reported non-CpG mutation density for these Alu subfamilies of approximately 0.4 % for the Ya5 and Yb8 Alu elements to the levels reported here of approximately 0.8 % for the same subfamilies. Therefore, the maximum possible error rate would be estimated as 0.8 % À 0.4 % 0.4 %. In our data analysis, there are a few Alu elements with much higher mutation densities than previously seen. We are not sure whether these represent a small number of authentic, highly divergent subfamily members (approximately 10 % divergence), or the concentration of sequence errors in a few elements. Thus, other than the possibility of a few areas where errors may be concentrated, there is a relatively low sequencing error rate across the entire database, demonstrating the reliability of the draft human genomic sequence. Large scale re-sequencing of the Alu elements characterized in this paper would resolve this issue and allow for an accurate estimate of sequencing error rates within the draft human genomic sequence; it would also provide a re®ned estimation of the average age of the Alu Ya5 and Yb8 subfamilies as well.
SINE retroposition is the primary mode of mobilization of Alu elements, where mutations in the source gene(s) create their sequence evolution. However, previously we reported that gene conversion and genetic instability might have also signi®cantly impacted the Alu sequence architecture. 18 Our analysis of the Yb8 mosaic elements also suggests that gene conversion may have in¯uenced the evolution of the Yb8 Alu subfamily. Among the alternative explanations for the occurrence of mosaic elements, multiple parallel mutations seems unlikely; unless there was selection for these speci®c mutations, such as the posttranscriptional selection previously proposed. 8 However, a selection process that would only select for these speci®c mutations would be improbable. Recombination may have generated some of these mosaic elements, but multiple recombination events would be required, making it unlikely. Therefore, we believe gene conversion to be the most likely explanation for the existence of the mosaic Alu elements.
Our analysis of the human genomic diversity associated with the Ya5 and Yb8 Alu elements reported here resulted in the recovery of 106 new Alu insertion polymorphisms. The percentages of Alu insertion polymorphisms recovered from each subfamily were 25 % and 20 % for the Ya5 and Yb8 subfamilies, respectively. The percentages of Alu insertion polymorphisms in these two subfamilies are in good agreement with previously published insertion polymorphism estimates for these Alu subfamilies. 21 We can also estimate the total number of Alu insertion polymorphisms within the draft sequence of the human genome using our copy number estimates and the percentage of Alu insertion polymorphisms associated with each family. Using this approach we should recover 2640 Â 0.25 or about 660 Ya5 Alu insertion polymorphisms and 1852 Â 0.20 or about 370 Yb8 Alu insertion polymorphisms through the exhaustive analysis of the draft sequence of the human genome. Therefore, the exhaustive analysis of the entire Ya5 and Yb8 Alu subfamilies from the draft sequence of the human genome should generate a little more than 1000 Alu insertion polymorphisms from these subfamilies.
Additional Alu insertion polymorphisms that are present in diverse human genomes may also be recovered using PCR based display approaches such as those previously reported for Alu and LINE elements. 17, 34 Each of the Alu insertion polymorphisms in the genome is a temporal genomic fossil that is identical by descent with a known ancestral state. 35, 36 Previously, the analysis of Alu insertion polymorphisms has proved useful for the Average heterozygosity is the average of the population heterozygosity.
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study of human population genetics. 35 ± 43 The newly identi®ed Alu insertion polymorphisms from the Ya5 and Yb8 Alu subfamilies should prove useful for the study of human population genetics.
Materials and Methods
Cell lines and DNA samples
The cell lines used to isolate primate DNA samples were as follows: human (Homo sapiens), HeLa (ATCC CCL2); and chimpanzee (Pan troglodytes), Wes (ATCC CRL1609). Cell lines were maintained as directed by the source and DNA isolations were performed using Wizard genomic DNA puri®cation (Promega). Human DNA samples from the European, African American, Asian, Egyptian, and Greenland Native population groups were isolated from peripheral blood lymphocytes 44 available from previous studies. 18 
Computational analyses
Initial screening of the GenBank non-redundant and high throughput genomic sequence (HTGS) databases was performed using the Basic Local Alignment Search Tool (BLAST) 45 available from the National Center for Biotechnology Information (http://www.ncbi. nlm.nih.gov/). Copy number estimates were determined using Megablast and the draft human genome sequence database. 46 The database was searched for exact complements to the oligonucleotide 5
H -CCATCCC-GGCTAAAAC-3 H and 5
H -TGCGCCACTGCAGTCCG-CAGTCCG-3
H that are exact matches to a portion of the Alu Ya5 and Yb8 subfamily consensus sequences (respectively) that contain unique diagnostic mutations. 21 Sequences that were exact complements to the oligonucleotides were then subjected to more detailed annotation. A region composed of 500-1000 bases of¯anking DNA sequence directly adjacent to the sequences identi®ed from the databases that matched the initial GenBank BLAST query were subjected to annotation using the RepeatMasker2 program from the University of Washington Genome Center server (http://ftp. genome.washington.edu/c/s.dll/RepeatMasker) or Censor from the Genetic Information Research Institute (http://www.girinst.org/Censor_Server-Data_Entry_ Forms.html). 47 These programs annotate the repeat sequence content of individual sequences from humans and rodents. A complete list of the Alu elements identi®ed from the GenBank search is available from MAB. The copy numbers for each subfamily of Alu elements were determined by screening the draft sequence of the entire human genome with the oligonucleotides shown above. 23 For the Yb8 subfamily analysis, the database was searched for matches to the consensus Yb8 sequence without the seven-nucleotide duplication (287 bases). The sequences were then subjected to more detailed analysis using MegAlign (DNAStar version 3.1.7 for Windows 3.2) selecting only for Yb8 intermediate elements containing between one and seven of the Yb8 diagnostic sites.
Primer design and PCR amplification
PCR primers were designed from¯anking unique DNA sequences adjacent to individual Ya5 and Yb8 Alu elements using the Primer3 software (Whitehead Institute for Biomedical Research, Cambridge, MA, USA) (http://www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). The resultant PCR primers were screened against the GenBank non-redundant database for the presence of repetitive elements using the BLAST program, and primers that resided within known repetitive elements were discarded and new primers were designed. PCR ampli®cation was carried out in 25 ml reactions using 50-100 ng of target DNA, 40 pM of each oligonucleotide primer, 200 mM dNTPs in 50 mM KCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl (pH 8.4) and Taq 1 DNA polymerase (1.25 units) as recommended by the supplier (Life Technologies). Each sample was subjected to the following ampli®cation cycle: an initial denaturation of 150 seconds at 94 C, one minute of denaturation at 94 C, one minute at the annealing temperature, one minute of extension at 72 C, repeated for 32 cycles, followed by a ®nal extension at 72 C for ten minutes. For analysis, 20 ml of each sample was fractionated on a 2 % agarose gel with 0.25 mg/ml ethidium bromide. PCR products were directly visualized using UV¯uorescence. The sequences of the oligonucleotide primers, annealing temperatures, PCR product sizes and chromosomal locations for all Ya5 and Yb8 elements can be found on our website (http://129.81.225.52). Phylogenetic analysis of all the ascertained Alu elements was determined by PCR ampli®cation of human and non-human primate DNA samples. The human genomic diversity associated with each Alu element was determined by the ampli®ca-tion of 20 individuals from each of four populations (African-American, Greenland Native or Asian, European and Egyptian) (160 total chromosomes). The chromosomal location of Alu repeats identi®ed from clones that had not been previously mapped was determined by PCR ampli®cation of National Institute of General Medical Sciences (NIGMS) human/rodent somatic cell hybrid mapping panel 2 (Coriell Institute for Medical Research, Camden, NJ).
